In this paper, we study the photo-production of Higgs boson at the LHeC. The process can be used as a complementary precision measurement for Higgs to di-photon partial decay width Γ(h → γγ), and it has a clean final state without additional colored particles in the central rapidity region other than the decay products of the Higgs. However, there are some non-photon-fusion processes with final states of this feature, for example, Higgs gluon fusion production from γg scattering. These processes may be indistinguishable from and thus contaminate the photo-production in the detector. We compute the scattering amplitudes for all these processes and estimate their cross sections through Monte Carlo phase space integration. Different photon-PDF sets lead to rather different photo-production cross sections, while give very close results for contaminating processes. We also study the phenomenology of the photo-production at the LHeC via various Higgs decay channels. The signal significance in the standard model can be close to or over 2σ for E e = 60 GeV or E e = 120 GeV respectively. However, the photo-production and other contaminating processes are hard to distinguish at the detector level, and are hence combined into one signal, to which the photo-production only contributes less than 10%. Therefore, even though the significance of this signal reaches an observable level, it does not imply that the Higgs photo-production can be observed with the assumed experimental conditions in our analysis.
I. INTRODUCTION

Discovery of a 125 GeV standard model (SM) like Higgs Boson by the ATLAS/CMS collabora-
tions at the CERN Large Hadron Collider (LHC) [1, 2] has significantly improved our knowledge over mechanism behind spontaneously electroweak gauge symmetry breaking. On the other hand, neither the mass of the Higgs boson nor the driving force of electroweak symmetry breaking is explained within the SM and these questions have motivated many attempts in extending SM. Besides the direct search of such models of physics beyond SM (BSM), precision measurement of Higgs boson couplings and properties at the same time plays an important role in testing various BSM physics models. For this purpose, proposals of future electron-positron colliders such as, FCC-ee, ILC and CEPC, have been widely discussed in the community. Besides them, there also exists a proposal for an e − p collider known as LHeC, planned to be constructed by adding one electron beam of 60-140 GeV to the current LHC [3] . LHeC was initially proposed as a TeV deep-inelastic scattering (DIS) facility with 60 GeV electron beam and 2 ab −1 designed integrated luminosity to improve the measurement of parton distribution function at large x. By upgrading the electron beam energy and designed luminosity, it can potentially be converted into a "Higgs factory". The leading production mode of Higgs boson at the LHeC is via charged-current weak boson fusion (WBF) : e + p → ν e + h + J. The tagged forward jet is crucial for suppressing the background in a study on h → bb at the LHeC [4] . Analogous to the use of jet angular correlation in measuring the anomalous coupling in WBF at the LHC [5] , the azimuthal angle between the neutrino and forward jet ∆φ E T J provides a sensitive probe of the anomalous hW W coupling at the LHeC [6] .
Diphoton decay of Higgs boson played an important role in discovering Higgs at the LHC. At leading order, SM Higgs decaying into diphoton (h → γγ) arises from the W -loop and heavy quark loop processes, where the W -loop dominates the decay width. Exotic particles from BSM models such as sfermions in supersymmetric models or charged Higgs models may also contribute to the diphoton decay at one-loop level. Therefore, the loop-induced diphoton decay also provides a sensitive probe to physics at TeV scale. On the other hand, the photon-fusion production rate of Higgs boson is proportional to Higgs diphoton decay width and hence, precision measurement of photon-fusion may be complementary to the diphoton decay measurement.
Recent developments of photon PDF from CT14qed/LUXqed/NNPDF23qed [7] [8] [9] [10] have improved our framework for computing photon contribution. While the photon radiation off a point-like particle like electron can be calculated explicitly or sometimes with Weizsäcker-Williams approximation, photon from proton can arise from both elastic and inelastic processes, where the elastic channel is from the photon radiation off a proton directly, and the inelastic channel is from that off a quark parton. To verify the photon PDF, exclusive muon pair production via γγ → µ + µ − has been measured for the first time by CMS [11] . One complication in measuring Higgs photoproduction at e − p colliders is that the gluon fusion production of Higgs boson contributes in e − p collisions through γg scattering. In addition, contribution from weak boson PDF may not be neglected either. The calculation of all above related contributions is important for the estimation of the Higgs photo-production, and will be included in the following section. It is followed by a discussion of collider phenomenology on how well one can measure the signal final states. We then conclude in the final section.
II. HIGGS PHOTO-PRODUCTION PROCESS AT THE LHEC
The Higgs photo-production through W or charged fermion loops is shown in Fig 1. The photons are radiated from the proton and electron beams. As the proton remnant has little recoil in the effective photon approximation [12] , it moves in the very forward direction and cannot be detected. The process is thus featured with its clean final states without additional colored particles. It is noteworthy that there may be some non-photon-fusion processes whose final state partons (other than those from the Higgs decay) are too soft or collinear to the beams to be tagged. Such processes, as shown in Fig 2, can potentially contaminate the photo-production. In particular, there are gluon initiated processes with more radiations. However, at large center-of-mass energies, the rapid increase of the gluon PDF may result in sizable cross sections; hence, the estimation of their contribution is important. and (b) indicate that Weizsäcker-Williams approximation for photon radiations is not applicable in these cases and the electron-photon vertices are included explicitly in the calculation.
A. γγ
An example diagram for Higgs photo-production is shown in Fig. 2 (a) . To test the precision of the effective photon approximation, we compute the photo-production cross section in two methods. In the first method, Weizsäcker-Williams approximation is used for the photon splitting process, giving a cross section of 0.476 fb for the incoming electron energy at 60 GeV, computed with the PDF set NNPDF23 nlo as 0119 qed [7] from the LHAPDF [13] . The calculation is also done with the exact electron-photon vertex, which gives a cross section of 0.518 fb. The accuracy of the approximation is satisfactory.
B. γg and γq
The process represented by Fig. 2 These triple logarithms could substantially enhance the cross section in the region where the quark pair is collinear to the electron. Because of this enhancement, the cross section from this channel receives large contribution from the outgoing electron in the very forward region. In principal, one could represent the structure of the electron by parton distribution functions that evolve to account for the effects of the large logarithms to all orders. Since the contribution of this channel is quite small, we perform an order-of-magnitude estimation and include only the contribution from the fixed order diagrams in e.g. Fig. 2 (a), whose collinear singularities are cut off by the electron mass. Also note that due to the multi-logarithmic structure of radiations, Weizsäcker-Williams approximation cannot be used in this case, since additional collinear singularities exist in the hard scattering process even after the electron splitting vertex is factorized. We therefore include the electron line in Fig and there is a mixing of QED and QCD vertices. We obtain 0.000753 fb and 0.000189 fb for the above γq and γg processes, respectively.
C. WBF
WBF processes as in Fig. 2 (d) and (e) are the dominant for Higgs production at the LHeC with a large cross section of O(10 2 ) fb. Therefore we expect some rate from the WBF processes without spectator partons (those not from Higgs decay) in the central rapidity region. To calculate the cross section we exclude the region |η q | ≤ 5, 1 where q denotes the final state quark (not from Higgs decay). The resulting Z exchange cross section is 0.681 fb, comparable to that of the photo-production. The W exchange cross section is 4.82 fb, about an order of magnitude larger.
The cross sections for the processes discussed above are summarised in Table I for two electron beam energies. For comparison we also list the result computed with more recent PDF sets CT14qed inc proton [8] and LUXqed17 plus PDF4LHC15 nnlo 100 [9, 10] . The three PDF sets give very close results for gluon and quark initiated processes. For photoproduction, the cross sections differ by a sizable amount because the methods in determining these photon PDFs are quite different. The LUXqed17 result is smaller than NNPDF23qed at large momentum fraction x, while gets close when x becomes smaller (∼ O(10 −2 )). The CT14qed inc cross section is smaller than LUXqed17 in a more broad x region. These observations are in qualitative agreement with the behaviors of the photon PDFs shown in Fig. 4 of the Ref. [9] . The cross sections for γg and γq processes are at most ∼ 5% of that of the photo-production at the energies we are considering.
In the calculation we choose the renormalization and factorization scales to be the center-ofmass energy for the hard scattering processes. The reduction of the pentagon loop integral in Fig. 2 (c) requires extra numerical accuracy and is done with the help of Madloop program [14] in MadGraph5 aMC@NLO [15] . Other loop diagrams are calculated with FormCalc and LoopTools [16] .
The Monte Carlo phase space integration is performed using VEGAS algorithm implemented in CUBA library [17] .
III. PHENOMENOLOGICAL ANALYSIS
We have seen that processes in Fig.2 (a), (b) , and WBF processes with the central rapidity cut are difficult to distinguish from the photo-production in Fig.1 kinematically due to lack of spectator partons in the central rapidity region. So we shall just combine them into a single signal in our analysis. It is noteworthy that even if this combined signal can be well separated from the background processes, we cannot conclude that the Higgs photo-production can be observed because the photo-production only contributes less than 10% and is difficult to separate from other signal processes. In the following, we shall only aim to seperate the combined signal from potentially important backgrounds, while leave the distinction between photo-production and other signal processes for future studies.
The requirement that no spectator partons appear in the central region separates the signal from traditional Higgs production modes, and also leads to the smaller production rate at the LHeC. In order to explore this process precisely, we will next rely on the kinematic features of three main decay channels (h →bb, W + W − and ZZ) to distinguish the signal and backgrounds. The backgrounds are predonimantly from γg → bb and γγ → W + W − scattering, as well as fusion production of Z and W bosons. The background simulation is performed with MadGraph5 aMC@NLO [15] at the parton level. The PDF set NNPDF23 nlo as 0119 qed is used in simulations of both the signal and backgrounds, which includes both elastic and inelastic photon information [7] . As is done in Sec.II, we choose two benchmark points with 7 TeV proton beam energy and 60/120 GeV electron beam energy to see whether increasing the electron beam energy helps to improve the Higgs production measurement. The basic cuts on final states p T , η
and ∆R are applied as
A. bb
The standard h → bb search at the LHeC uses forward jet tagging to improve the signal-tobackground rate, which makes possible the bottom Yukawa measurement [4] . In our search the main background process is γg → bb. The large difference between gluon and photon PDFs in the proton makes the background cross-section orders larger than that of the signal. In order to pick out the signal events, the b-jet transverse momentum could be used because the b quarks from Higgs decay are more boosted. [18] . The ¯ νν system transverse mass could be reconstructed with the transverse momenta of the leptons and the missing objects as
The signal transverse mass distribution has an upper bound at m h , while the background distribution is rather flat and much larger. Other than that, there's also a difference between the di-lepton invariant mass distributions. The signal distribution is restricted by the Higgs mass and peaks at small values, while the background has a rather broad distribution. Fig.3 (a) and (b) show the distributions of the di-lepton invariant mass and the ¯ νν system transverse mass. It's reasonable to set upper bounds for the two reconstructed observables to cut the background. As the two signal leptons are from the Higgs cascade decay, the pseudo-rapidity difference between them should be smaller than backgrounds. One can see in Fig.3 (c) and (d) that the distributions of the pseudorapidity difference and the missing transverse momentum could be effectively used to distinguish the signal and background. The kinematic distributions are not significantly dependent on the electron beam energy, so we only plot the E e = 60 GeV case.
[GeV] The electron beam energy is E e = 60 GeV.
According to the discussion, we require / E T ≤ 55 GeV, p T ≤ 60 GeV, ∆η ≤ 3, m ¯ ≤ 60 GeV and m T ≤ 125 GeV. The efficiencies of signal and background events after all these cuts are listed in Table. II. The efficiency in each column is computed after the corresponding cut is applied in addition to all the cuts from the columns to its left. Although the kinematic cuts can reduce the background by an order, the signal events are still overwhelmed by it. If we apply very strict cuts, the leptonic subchannel cross section is too small for a measurement even with O(1) ab −1 integrated luminosity. Since this process starts with an ergodic pairing, the background lepton-pair mass could possibly mimic the signal with a slightly broader distribution around m Z . Even so, the m 4 cut could still eliminate most of the background events because the background distribution is extremely flat, as shown in Fig.4 . Further kinematic requirements on lepton transverse momenta 1,2 p T and pseudorapidity difference 1,2 ∆η in the first and second lepton pairs are listed in Table. III.
The four-lepton channel production cross sections and cut efficiencies are also shown in the Table. III. Although we could reduce the background to nearly 1% while keeping almost 70% of the signal events, the huge difference between the cross sections makes it impossible to perform the measurement in this channel.
[GeV] 
IV. RESULTS
We calculate the signal significance Z after partonic simulation through the formula:
where S repsesents the number of signal events. The overall background B including the 1% systematic error is computed as B = Σ i B i + Σ i (0.01B i ) 2 . The significance (Z) and signal-tobackground (S/B) are quite different in the three decay channels we chose. In h → bb decay channel, the background is several times larger than the signal after kinematic cuts, the signal-tobackground cannot reach up to percent level. In h → ZZ leptonic decay channel, the cross section is limited by the small branch ratio, which leads to the low significance even though it has an acceptable signal-to-background. The significance does not improve when we set E e = 120 GeV, and we expect further studies on this channel. The most promising channel is the h → W W leptonic decay due to the comparatively large branch ratio and distinguishable backgrounds. When the effective coupling of hγγ equals to its SM value, the significance can be close to or over 2σ
for E e = 60 GeV or E e = 120 GeV respectively, with a 6.6% signal-to-background in both cases, as shown in Fig.5 . 
V. CONCLUSION
In this paper, we study the photo-production of the Higgs boson and related contaminating processes at the LHeC. The cross sections are computed for all relevant processes. We find that the photo-production is severely overshadowed by other processes whose spectator partons are collinear to the proton beam and cannot be tagged. This leads to a signal of mixed processes.
Nonetheless, we still explore the phenomenology of these processes and calculate the significance and signal-to-background. When the hγγ effective coupling equals to its SM value, the significance is close to 2σ for E e = 60 GeV, with a 6.6% signal-to-background. However, with the photo-production process contributing less than 10% to the signal cross section, it is still difficult to observe photo-production by itself at the LHeC.
To conclude, it is difficult to make this complementary precision measurement for Γ(h → γγ)
at the LHeC using the method presented in this paper, and we hope that more discriminative methods can be developed to efficiently separate Higgs photo-production from other signal processes as well as from the background processes.
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